Restricted space inside the magnetic resonance imaging (MRI) 
INTRODUCTION
Utilizing robotic systems for assisting with surgical interventions has been widely investigated and practiced for decades [1] . Multiple lines of reasoning and various successful case stud- * Address all correspondence to this author.
ies shall explain and justify the logic behind using robots inside the operating rooms. Significant improvements in the level of precision during robot-assisted brain surgeries [2] and considerable reduction in recovery time in executing automated cardiac interventions [3] acknowledge the effectiveness of mechanical machines to work closely with the surgeons.
One of the unique advantages that robotically-assisted procedures offer is the possibility of being arranged in master-slave configurations [4] . In this formation, the master robot is manipulated by the surgeon that generates command signals to the slave manipulator to interact directly with the patient. Master-slave robotic systems are primarily used to facilitate minimally invasive operations [5] ; however, their presence inside the operating rooms is not limited to these applications. In some particular surgical procedures, environment constraints prevent surgeons to have direct access to the patient body. Fortunately, this undesired gap between the operator and the target organ may be properly filled by a master-slave robotic system. One example of such procedures, which is the point of interest in our current study, is the MRI-guided interventions [6] . In this family of operations, due to the restricted space inside the MRI scanner bore, operator fails to directly use surgical tools and accomplish the desired tasks. Several robot-assisted systems have been developed in the literature for this class of surgical interventions. Interested reader is refereed to [7, 8] for more details. These systems, however, suffer from several issues such as environment compatibility, performance inaccuracy and implementation difficulties.
The objective of the present study is to propose a masterslave robot-assisted system that can properly satisfy the requirements of MRI-guided intracardiac interventions. The proposed system as illustrated in Fig. 1 -A consists of a PHANTOM Omni device (product of the Sensable Technologies) [9] playing the role of the master robot, a highly customized cable-driven, patient-mounted and MRI-compatible parallel platform serving as the slave mechanism and finally the scanner device. Based on the interconnections between these components, the proposed system could be divided into two subsystems, master-slave subsystem ( Fig. 1-B ) and slave-scanner subsystem ( Fig. 1-C) . The present paper mainly focuses on the former subsystem and hence only reference commands that are sent to the slave robot from master device will be considered. To further examine the capabilities of the parallel platform to track MRI generated trajectories, interested reader is referred to [10] . In the first part of this paper, we briefly review the design principles for the slave robot, as well as the configuration of the cable transmission system. The coupling issue between the degrees of freedom will also be introduced and addressed. To relate the robot's joint space and task space, forward and inverse kinematics equations are derived and presented. Second half of the paper focuses on the interconnection between master and slave robots using a proportional-integral-derivative (PID) control scheme. For evaluation purposes, an experimental setup is built to assess the performance of the slave manipulator in following the master-generated reference trajectories. The obtained results illustrate the effectiveness of the proposed system.
DESIGN OF THE PLATFORM
In this section, we briefly describe the principles behind the design of the parallel mechanism, as well as the transmission system. This platform is expected to perform in-plane positioning and orientation of the catheter's tip.
DESIGN OF THE MECHANISM
The detailed mechanical design for the slave manipulator is depicted in Fig. 2 . Two identical cylindrical mechanisms interconnected vertically form the basic structure of the robot. Each subsystem consists of a fixed outer ring and a rotating inner ring. The outer cylinder is attached to the casing and hence forms the platform base. A radial bearing at the bottom section of each level makes it possible for the inner rings to rotate with respect to the base. The remaining two degrees of freedom generate the linear motion for the two carriers sliding over the guide bars. The aforedescribed rotational motions along with the two prismatic displacements form the desired four active degrees of freedom expected from the mechanism. These four active joints will be actuated by motors through a cable transmission system. Each carrier has a universal joint at its center that acts like a liaison between the platform and the catheter. These passively actuated universal joints can eventually place the catheter in any desired orientations. While the distance between catheter's tip and the lower universal joint is kept constant, the distal end of the catheter is left to move freely with respect to the upper joint. ACTUATION SYSTEM DESIGN Placement of the actuators outside the MRI scanner area enables us to utilize conventional electric motors to drive the robot joints. However, this arrangement necessitates the development of a cable transmission system that allows one to remotely control the platform. The transmission system we developed employs two closed chains of plastic ropes for each level of the platform. Figure 3 demonstrates the transmission system for one of the levels. In this configuration, the closed chains numbered 1 and 2 correspond to linear and rotational degrees of freedom, respectively. These chains transmit the power from DC motors (numbered 5 and 6) to the corresponding connection points on the mechanism (numbered 3 and 4). Different sets of pulleys that are considered in between not only guide the cables to pass through the desired paths (numbered 7 and 8) but also significantly reduce the friction (numbered 9).
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WORKSPACE ANALYSIS
Measuring the workspace achieved by the platform based on its joint space is an appropriate way to examine the efficiency of the mechanism. As illustrated in Fig. 4 (top figure), due to the kinematic constraints, the joint space for each level includes
In addition, Fig. 4 (bottom figure) shows the cross section of the accessible workspace considering an arbitrarily chosen length for the end effector.
FORWARD KINEMATICS OF THE PARALLEL PLAT-FORM
To derive the equations corresponding to the forward kinematics of the mechanism, different frames as depicted in Fig. 5 are defined: (1) base frame {B}, which is fixed in the universal coordinate system and its Z-axis is in vertical direction, (2) lower frame {L}, which is attached to the center point of the lower cylinder with its Z-axis being along the vertical direction and the X-axis coinciding with the lower level linear direction, (3) upper frame {U}, which is the same as the lower frame except that it is placed at the center point of the upper cylinder with its X-axis being along the upper sliding bar's center line, and (4) end effector base {E}, which is attached to the catheter's center of mass with its Z-axis being along the catheter long axis. For each coordinate system, e.g., {B}, we denote the unit vectors indicating principle directions byX B ,Ŷ B andẐ B . In addition, there are two other frames {LE} and {UE} that have the same orientation as {L} and {U} do but are attached to the universal joints center points in upper and lower levels, respectively. By choosing a proper representation of the end effector's orientation, the forward kinematic problem becomes solvable. The XY Z Euler angles representation is used for this purpose [11] . Based on this representation, the final orientation of the catheter is
Next, we denote by B P u and B P l the two vectors described in frame {B} that point to the location of the catheter holders in upper and lower levels. Also, U P u and L P l are the same vectors described in frames {U} and {L}, respectively, and B T EORG is a vector that points to the catheter's center of gravity in the base frame. By manipulating these vectors and taking advantage of the relationship between them, the two unknown Euler angles in (2) are found as
where p, q, θ u and θ l are determined in Fig. 5 (top figure) , and h = B T UORG − B T LORG is the vertical distance between upper and lower cylinders. More detailed description of the above mathematical derivations can be found in [10] . Obtaining the orientation of the end effector, to complete the forward kinematic formulation of the 4-DOF ROBOCATH, two other parameters are chosen to be the in-plane position of any arbitrary points on the end effector. Without loss of generality, we chose the point where the end effector is attached to the lower career. Then
where x and y are the coordinates of the mentioned point that along with the parameters specified in (3a-3b) gives a complete solution to the forward kinematic problem.
INVERSE KINEMATICS OF THE PARALLEL STRUC-TURE
A typical inverse kinematic relationship that is often solved for robotic platforms is when the position and orientation of the manipulator are given and joint parameters are sought for. Orientation of the end-effector can be described in any form of rotation matrices. Here assuming that the XYZ Euler angles representation is utilized, we havê
Having the position of the tip of the end effector B P T , following vector equation holds true
where | E | is the distance between target point and the lower holder. Taking the dot product of E and B P T withẐ B , following equation can be obtained for
Therefore, lower level joint parameters could be determined by
Similarly, the other joint parameters corresponding to upper level of the platform are obtained as follows
θ u = arccos
SINGLE-POINT TRACKING
In defining specific missions for robotic manipulators, there are occasions, in which the capability of the mechanism to reach the accessible work space is more important than the dextrous work envelope. Therefore, orientation requirements for the end effector can be relaxed. In this section, to optimize the performance of ROBOCATH in encountering those situations, we propose an algorithm in the form of a minmax problem. Figure 6 schematically illustrates the trajectory planning problem. It is assumed that the end effector is initially positioned at its primary state (state I). To reach any arbitrarily chosen target point (e.g., P t ), there are various options for the platform to arrange the joint parameters such that the end effector can point to the target. Some possible states are shown as states II and III. The problem is to determine the optimal joint parameters such that Figure 6 . TRAJECTORY PLANNING PROBLEM the total actuation time is minimized. Obviously, the minimum time interval is achieved when the minimum path is traveled by upper and lower carriers. Since all the joints are actuated simultaneously, the optimization solution is a state, where the longest contour passed by either the upper or the lower carriers is minimized. This is a classical "minmax" problem. Next, we formally describe the mathematical problem under study.
Let the following functions be defined on Euclidean space
The so-called maximum function φ (X) is defined as
It is desired to find X * such that φ (X * ) is minimized. In order to numerically solve the above "minmax" problem, several algorithms have been proposed in the literature including the method of coordinate-wise descent, method of steepest descent and successive approximation method. Interested reader is refereed to [12, 13] for details on those methods. The particular geometry of the platform, however, allows for obtaining simpler solutions. Referring to Fig. 6 , we define f i (·) (for i = 1, 2) as the distance between the initial position and target position of the carriers at each level, that is
where . indicates the Euclidian norm, U i and L i are coordinates of the initial point for the upper and lower carriers, respectively, and U t and L t are those of the target point. It is evident that the functions f 1 (·) and f 2 (·) are convex, which is a key to solve the optimization problem. Given the coordinate of the end effector's target (P t ), the corresponding coordinates of the carriers are sought such that the maximum of f 1 (·) and f 2 (·) are minimized. Subsequently, one can easily obtain the joint parameters (rotation and linear DOF's) for each level. Considering the target position of the end effector, the secondary coordinate of the lower carrier is constrained as follows
where z l and z u are the height of lower and upper levels of the platform from the plane B, respectively. Substituting
So the only optimization parameter is now U t . To solve the "minmax" problem, in the region where
To find the minimum of φ (U t ), since f 1 is convex and does not have a local minimum through this domain, U * t lies on the curve where f 1 intersects f 2 , that is
A similar conclusion can be drawn for the region, where f 2 > f 1 . This simply clarifies that to achieve the shortest actuation time interval in reaching a single target point, joints should be driven as if there was an artificial hinge right at the middle of the levels, about which the end effector undergoes pure rotation. Obviously, this causes the upper and lower carriers to pass same length contours in opposite directions (state IV in Fig. 6 ).
AUTOMATIC CONTROL DESIGN
As shown in Fig. 2 , two motors are utilized at each level to actuate the rotational and translational degrees of freedom. In order to perform the positioning task, the controller requires the exact position of the carriers at each level. To achieve this, we equipped the motors with encoders attached directly to the motor shafts and used the encoder signals in the controller.
HANDLING COUPLING ISSUE
Referring to Fig. 3 , the encoder attached to motor 6 determines the rotation of the rotating ring θ as
where R p is the radius of the pulley, R r is the radius of the rotating ring and θ 6 is the angle of the motor shaft 6 obtained from the encoder data.
If the rotation degree of freedom is locked, then the encoder signal of the motor 5 can be used to provide the displacement of the carrier as
where θ 5 is the angle of the motor shaft 5 obtained from encoder data. While simultaneously rotating and translating, the relation above is no longer valid due to the strong coupling between the degrees of freedom. To demonstrate this interference, in Fig. 3 assume that the motor 5 is locked and the motor 6 rotates counter clockwise. Consequently, cable 1 remains motionless but cable 2 pulls point 4 and rotates the ring. This rotation causes the cable 1 between point 3 and pulley 8 to be loosen while its counterpart in the other side is tighten. Therefore, the holder moves in the opposite direction of the pulley 8 as if the motor 5 rotated clockwise, and the length of dislocation equals to −R p θ 6 . Consequently, the position of the carrier in the corresponding coordinate system is obtained as
Measuring the position of the carrier in real-time, the controller compares it with the desired position defined by the user and outputs an appropriate command to the driver not only to stabilize the system but also to reach the desired point or track the desired trajectory with a prescribed accuracy. Fig. 7 is the general configuration of the system. By manipulating the master device, generated joint parameters (signal 1 shown in the figure) extracted from the PHANTOM's built-in encoders are converted to the corresponding task space data (signal 2) that the slave platform is expected to follow. To recover the desired reference inputs for ROBOCATH (signal 4), this information needs to be translated based on the inverse kinematics of the slave mechanism. In addition, to make the 6-DOF PHANTOM compatible with the 4-DOF ROBOCATH, PHAN-TOM's task space parameters are fed into the HDPI toolkit [9] to restrict the master manipulator's two degrees of freedom by exerting force feedback (signal 3) on the mechanism. We also use the force feedback signal to prevent the generation of reference inputs that can lead to exceeding the slave platform's geometric boundaries. Once the reference signals for ROBOCATH are provided, slave manipulator is actuated by implementing four decoupled PID controllers (for the sake of brevity, only one level of the platform is shown in Fig. 7) . As stated earlier, the slave robot feedback loop data (signal 5) is recovered from DC motor encoders. Figure 8 shows the experimental setup we built to evaluate the system performance consisting of a power supply, motor driver boards, data acquisition system, control boards, electric motors and transmission system. In this setup, we use four motors (numbered 3) to fully actuate the platform (numbered 1). The shaft of the motors are attached to the pulleys by means of couplers. We used nylon cables wrapped around the pul- leys twice to avoid slippage. The motors are powered by electric drivers (numbered 5). In other words, the driver acquires a low power command, i.e., the control action from the controller, and provides an associated high power signal to actuate the corresponding motor. For the DC motor, the actuation signal is a positive or negative analog voltage causing the rotation of the motor clockwise or counterclockwise, while the voltage amplitude determines the velocity. The designed controller is implemented in dSPACE real-time system which reads the encoder signals and actuates the motors by giving control commands to the drivers. One of the parameters that influences the performance of the cable-driven robots is the pre-tension value adjusted in the cables. Since any variation in this value highly affects the transient response of the platform, as well as the control effort, it should be carefully adjusted to achieve the optimum results. In order to adjust the the tension manually, the simple mechanism in Fig. 9 is utilized (also numbered 8 in Fig. 8 ). The pulleys may slide through a slot to loosen or tighten the nylon cable to obtain an appropriate tension.
MASTER-SLAVE CONFIGURATION Shown in
EXPERIMENTAL SETUP
TRACKING OF THE MASTER-GENERATED COMMAND SIGNALS
In order to evaluate the performance of the developed master-slave robotic configuration, master device, i.e., PHAN-TOM Omni, is manipulated arbitrarily by the operator to generate a reference trajectory. For the sake of brevity, we show only the response of the parallel platform in the upper level. Figure 10 depicts the degree of freedom corresponding to rotation of the upper level. As observed, to track the reference signal that varies from -23 degrees to 53 degrees, slave device successfully follows the commands sent from the master device. The system response corresponding to the translational DOF of the upper level is shown in Fig. 11 . While the difference between the reference signal and the actual response of the slave device is still very low, it can be observed that tracking performance of the system in this DOF is not as smooth and precise as in the rotational DOF. This is mainly due to the fact that the translational motion of the carrier produces the pendulum shape motion of the end effector and hence leads to the worse stability properties compared to the rotational DOF.
Conclusion
Medical interventions under beating heart conditions offer significant advantages including patient's faster recovery compared to the traditional procedures. In this paper, we propose a master-slave robotic system that could fit the requirements of such sophisticated intracardiac interventions. Employing the commercial PHANTOM Omni device as the master robot and benefiting from our highly-customized ROBOCATH as the slave manipulator, the proposed system is aimed to send the operator's commands to the patient under the limited space inside the MRI scanner bore. The effectiveness of the proposed system in accomplishing this mission is demonstrated using an experimental setup through performing several sets of experiments. The authors are currently conducting additional experiments to combine current platform capabilities with imaging modality unit, i.e., MRI, such that the slave robot could autonomously track beating heart environment while simultaneously following operator commands (from the master device). Also the authors are working on the design of an advanced model based controller to improve the performance of the system. We expect the non smooth response of the translational motion significantly be corrected by employing an elaborate controller.
